Surface Plasmon Polaritons (SPPs) have been known since the late 1950s with the work of Richie [1]. Today most research with these surface waves is aimed at production of subwavelength components in an attempt to merge the subjects of electronics and photonics on a nanometer scale. However, the features produced by SPPs could have uses in direct engineering applications due to their surface texturing capabilities, an area that is less exploited. The presented work is a demonstration of the production of SPP features by two picosecond pulsed fibre laser systems for the surface texturing of M42 High Speed Steel (HSS) (approximate composition by % wt; 1.1% C, 0.28% Mn, 0.4% Si, 3.88% Cr, 0.30%Max Ni, 9.5% Mo, 1.5% W, 1.15% V, 8.25% Co) and Ti-6Al-4V. Use of these laser systems allowed for the production of SPP patterns at high repetition rates (200kHz). Manipulation of the laser polarization allowed for the writing of features in a wide range of orientations allowing for greater control over the patterns produced. Writing, overwriting, erasing and rewriting of SPP features is demonstrated. The effect of these patterns on the water contact angle of HSS and Ti-6Al-4V was examined, and was found to reduce this value significantly in both cases.
Introduction
Periodic surface structures caused by laser irradiation (Laser Induced Periodic Surface Structures, LIPSS) of solid material at or just below the ablation threshold have been widely observed since the early 1970s. LIPSS production has been reported in a large range of materials including metals, semiconductors, and dielectrics. Here we are concerned with the production of LIPSS in a range of industrially active metals.
It is known that periodic surface structures can be a result of interference of an incoming laser beam with a surface scattered wave [2] . In the case of a metal the surface scattered wave is thought to originate in the form of a Surface Plasmon Polariton (SPP) [3] . These non-radiative surface scattered waves are caused by the coupling of photons with electrons within a metal causing resonant oscillations which result in the propagation of a surface wave. Much work has been carried out on the mechanisms at work here and detailed theory on SPP generation in metals can be found in the literature [4] [5] [6] [7] [8] [9] [10] [11] .
Recently, interest in laser surface texturing (LST) for the alteration of tribological properties has been growing. LST of metallic components has been shown to give significant reductions of friction coefficients resulting in increased component lifetimes [12] [13] [14] [15] . LST is an attractive alternative to other surface texturing methods due to the clean, fast, reproducible and highly controllable nature of its results. If periodic surface structures can be shown to give results beneficial to the surface texturing industry, then gaining control over these surface features at high enough speeds to make them industrially attractive is an important step towards increasing the field of LST.
Here we demonstrate production of LIPSS in metals at high repetition rates (200kHz) using picosecond fibre laser systems operating at 1064nm. Control over periodic features produced over large areas (3mm 2 ) as well as at the single pulse level is shown. Manipulation of structure orientation is also demonstrated along with writing, overwriting and erasing. Textured surfaces were analysed for changes to the water contact angle, with initial results showing reductions of up to 60 0 in Ti 6 Al 4 V and 25 0 in HSS.
Experimental
Two picosecond fibre laser systems by Fianium were used for this work. These systems consisted of four main sub-systems: a passively mode-locked low power master source fibre laser, a pulse-picker, a high-power polarization maintaining cladding pumped fibre amplifier and a high-power free-space optical isolator. The master source is a passively mode locked fibre laser based on a core-pumped, Yb-doped fibre. The laser operates at a repetition rate of ~20MHz, providing pulse widths of ~20ps. Following the master source is a high speed acousto-optic modulator which is used to gate the output of the oscillator to select pulses and provide a divide by N (N being a positive integer value) function on the master source pulse repetition rate. Pulse amplification comes via a twostage double-clad Yb-doped fibre, pumped by a high power multi-emitter laser diode pump module. The output channel is free-space delivered in a collimated beam through the output isolator mounted within an optical head. The optical isolator provides > 35dB optical isolation and the output of the isolator is linearly polarized.
For the initial surface texturing experiments a Fianium FemtoPower1060-4 J-pp system was used. This system provided ~20ps pulses at 1064±5nm with an M 2 of <1.25. The system allowed for two selectable repetition rates of 500 & 200kHz with maximum pulse energies of ~4 & ~6 J respectively. Control of the laser repetition rate and output power was through computer controlled software via a HyperTerminal and USB connection.
For single and multi pulse experiments a Fianium FemtoPower1060-PP high energy laser system was used. This system operated at a central wavelength of 1064±1nm and delivered pulses of 25±5ps with an M 2 <1.2. This system incorporated an extra pulse picker located after the high power amplifier, which allowed for further modulation of the repetition rate to give lower rates, single pulse outputs; amplitude modulated pulse outputs and burst pulse outputs. Selectable repetition rates for this system ranged from 200kHz down to a single pulse with a maximum pulse energy of ~8 J. Control of this system was via USB connection and a Graphical User Interface (GUI) provided by Fianium. This software gave an easy method of setting the repetition rate and power for the laser system along with its more complex pulse picking options.
A schematic of the beam delivery is shown in Fig.1 . Beams from both lasers were set up to use a single beam path via a kinematic flip mounted mirror. Beams were passed through a CVI duel wave Nd:YAG beam expander (DWBX-4.0-3x) AR coated for 1064/532nm (Optical transmission ≥90%). This dual-wavelength beam expander was capable of collimating Nd:YAG and HeNe beams at the same lens spacing and was corrected for spherical aberration and coma at 1064nm. Beams then passed through a Newport /2 plate to allow for easy control over polarisation. A series of turning mirrors guided the beams into a scanning galvanometer with an f = 100mm f-theta lens (Nutfield Technology). Control over the scanner was given by WaveRunner advanced laser scanner control software (v.2.8.517.0). Samples were mounted on a 3-axis stage by Aerotech (ATS115) with a resolution of 0.5 m and repeatability of ±6um.
Fig.1. Schematic diagram of the laser beam delivery.
General surface inspection was carried out using an optical microscope equipped with a Nikkon CCD camera. For detailed analysis and measurement of surface features a WYKO NT1100 optical surface profiling system was used.
Contact angle measurements were carried out using a KRÜSS DSA100 drop shape analysis system, which measured and calculated contact angles based on a sessile drop method.
Before and after machining, samples were ultrasonically cleaned in acetone.
Results and Discussion

Surface Texturing Via Periodic Ripple Production
Areas approximately 3mm 2 were machined at 200kHz and 500mms
-1 with a 10 m hatch pattern to ensure full coverage of the areas. Areas were scanned over a single time and were exposed at pulse energies ranging from 0.5-3.0 J. Fig.2 shows the threshold for periodic surface feature production on M42 HSS was within the range 1-1.5 J/pulse. Pulse energies below this threshold produced minor surface modification with values above this figure giving similar periodic texturing results. Due to the Gaussian nature of the beam used, increasing the pulse energy served to widen the textured regions as the energy density of the beam edge was raised above this threshold.
Features can be seen oriented perpendicular to scan direction due to the vertical polarisation produced by the laser system. Features from one scan line self align with features produced by preceding scan lines. This was expected as the self alignment of such features has been observed and noted previously [16, 17] . There is also a noticeable effect of scan direction on the feature orientation, which is commented on further later. (Fig.5.) . Fig.5 . also shows the processing boundary of the scanned line and illustrates extension of the features out from the sample surface. This coupled with the low pulse energies in use suggests minimal material removal during ripple production. This procedure was then carried out on Ti-6Al-4V samples to find the processing threshold for periodic ripple production. Similar effects to those obtained on HSS were observed although the threshold for ripple production was found to be lower, lying between 0.5-1.0 J/pulse as can be seen in Fig.6 . This difference in ripple threshold can be linked to the low thermal conductivity of Ti-6Al-4V of 6.7Wm -1 K -1 when compared to that of HSS ~20Wm -1 K -1 . Despite the small difference in melting points of these two materials, 1604-1660 0 C for Ti-6Al-4V and approximately 1530 0 C for HSS, accumulation of heat will occur more readily in Ti-6Al-4V due to its lower thermal conductivity, therefore lower incident energy will be required to raise the surface temperature to its melting point allowing modification of the sample surface at lower pulse energies. Water contact angles of machined areas were measured and compared against those of un-machined areas. Fig.7 . shows the effect of increasing ripple coverage on the water contact angle for HSS. The overall effect of texturing the surface was to lower the contact angle producing a more hydrophilic surface. A minimum contact angle of around 40 0 was achieved. Decrease in contact angle occurred more readily once ripple coverage reached 100% (20 m hatch spacing), implying that the hydrophilic effect is linked to the presence of ripple features rather than the laser scan lines themselves. Similar characteristics were observed in Ti-6Al-4V (Fig.8.) , with hydrophilicity increasing rapidly once full coverage had been achieved. Here the extent of the contact angle change was much greater, giving a minimum angle of ~15 0 . 
Effect of Scan Direction on Ripple orientation
As mentioned earlier the laser scan direction played an important role in the orientation of periodic surface features. The method of scanning used throughout this work is shown in Fig.9 . The effect this had on the orientation of periodic surface features can also be seen in Fig.10 .
Fig.9. Textured HSS area produced with a stepwise hatch spacing of 0.02mm.
Scanning across the sample surface from left to right produced uniform, vertically aligned surface features. However, when scanning in the opposite direction the ripple features were clearly tilted to the left and are of a more chaotic nature. This characteristic was associated to pulse front tilt effects caused by beam delivery optics within the laser system. The pulse front tilt phenomenon has been observed in other work [18] [19] [20] and is known to be caused by angular spectral dispersion of a diffraction ∞ ∞ grating or prism, resulting in a broadening of the pulse as it moves away from the disperser. This effect can be easily avoided by scanning only in the direction preferential to uniform ripple production as is shown in Fig.11 . The surface finish produced here is of a much more desirable quality when compared to that produced with the scan direction chosen to induce pulse front tilt effects (Fig.12.) . Figs.11-12 . provides a stark indication of the extent to which pulse front tilt can affect the quality of features produced at near threshold pulse energy levels.
Comparison of
Single Pulse Experiments
For these experiments the FemtoPower160-PP system was used along with its additional pulse picking facilities. The laser was operated in a burst mode, allowing bursts of pulses to be released when triggered. Bursts of up to 10 pulses were achievable with increasing the burst number a possibility if larger pulse numbers were required. The repetition rate between subsequent bursts was 10kHz with the frequency of pulses within each burst of 200kHz. Using this technique it was possible to expose areas of increasing pulse number ranging from 1-10 pulses.
During these experiments the scanning galvanometer was set to its home position and exposure areas were selected using the precision 3-axis stage.
Figs.13-14. Show the damage areas for an increasing number of pulses on HSS at pulse energies of 2.5 and 5 J respectively. In both cases it took approximately five pulses before the onset of ripple patterns became apparent. Suggesting that the mechanism for ripple production does not solely rely on energy applied but rather on an incremental feedback mechanism as has been suggested in [16] .
Complete spot coverage of ripple features was easier to achieve with increasing pulse number at lower pulse energy. This was due to the Gaussian energy distribution of the beam used. At 5 J the spot centre had a higher energy density leading to breakdown of ripple production with increasing pulse numbers. increased with pulse number up to 9 pulses. No benefit was observed from applying additional pulses.
Fig.14. HSS exposure areas at ~5 J pulse energy with. a) 10 pulses, b) 9 pulses, c) 8 pulses, d) 7 pulses, e) 6 pulses, f) 5 pulses, g) 4 pulses, h) 3 pulses.
Figs.15-16. Show the damage areas for an increasing number of pulses on Ti-6Al-4V at pulse energies of 2.5 and 1.2 J respectively. Again areas were exposed at increasing pulses numbers from 1-10. 
pulses, c) 8 pulses, d) 7 pulses, e) 6 pulses, f) 5 pulses, g) 4 pulses, h) 3 pulses, i) 2 pulses.
For 2.5 J similar results can be seen to those for 5 J on HSS. However, dropping the pulse energy to 1.2 J produced much more defined ripple patterns with full spot coverage after only 5 pulses. Again this can be linked to rapid heat build up due to the low thermal conductivity of Ti-6Al-4V.
Polarisation manipulation
For these experiments the polarisation state of the beam was controlled using a /2 plate. This gave control over the orientation of ripple features, which allowed for some interesting results from the overlapping of ripple areas at different beam polarisations. . Increasing the number of pulses up to around 20 allows new ripple features to be grown perpendicular to the new polarisation orientation without significant material damage. Further increasing the number of pulses leads to heating and thermal damage to the substrate material. Fig.18 . shows how complete ripple coverage over a pre-existing pattern can be achieved on HSS by selecting a pulse energy lower than that used to produce the underlying structure. Orientation of new ripple growth could be controlled by alteration of beam polarisation. However, new ripple orientation did not appear to be consistent with the rotation applied to polarisation. This could be caused by the appearance of pulse front tilt effects in the underlying ripple structures. Further work is needed to gain a greater understanding of this. This effect can also be seen with larger area over scanning as shown in Fig.19 . on Ti-6Al-4V. This could be achieved without the need for dropping the power between over scans. The area was completely covered with features oriented as shown in the top section of Fig.19 . Then the bottom section was scanned over a second time with the beam polarisation rotated at 45 0 . Features in this new orientation overwrote those underneath without difficulty. 
Conclusions
Periodic surface structures have been produced using fibre delivered high repetition rate picosecond pulses. Feature sizes of approximately 1 m, just below the laser wavelength used to produce them were achieved. Threshold parameters for the production of such features on HSS and Ti-6Al-4V were found. Features were then found to give reductions in the water contact angle of these materials.
During patterning experimentation a clear dependence of feature quality and orientation on the laser scan direction became apparent. This was attributed to pulse front tilt effects and was easily avoided by altering the scan method.
Finally experimentation with laser polarisation revealed that periodic surface features can be easily erased with a single pulse oriented at approximately 45 0 to the underlying ripple pattern. Furthermore it was demonstrated that large area over writing of ripple features can be achieved by controlling the polarisation and pulse energy of successive over scans. Thin Films," Physical Review 106, 874-881 (1957).
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